The synthesis of 1,25-dihydroxycholecalciferol [1, 25(OH) 
INTRODUCTION
Extrarenal production of 1,25(OH)2D3 has been suspected to occur in a number of tissues. Included in these tissues are bone [1] [2] [3] [4] , intestine [5, 6] , liver [7] , placenta [8] [9] [10] [11] , chorioallantoic membrane [12] and cells of the monocyte/macrophage lineage (including sarcoid tissue; [13, 14] ). The representative species include humans, birds and rodents. Many of these tissues have also been shown to synthesize 24,25(OH)2D3 [1, 3, 6, 7, 10, 11] [15] .
At present there are only three extra-renal sites at which the production of 1,25(OH)2D3 has been unequivocally documented by m.s. analysis. They are rat placenta [8] , pulmonary alveolar macrophages [14] and cells isolated from chick calvaria [16, 17] . It [18] [19] [20] [21] . These studies have been performed in both humans and experimental animals.
If the extra-renal 1-hydroxylase enzyme system is biologically important, then it might be expected that this system would be responsive to regulatory factors and be able to utilize substrate at concentrations in the physiological range. The present paper provides evidence that chick calvarial cells contain a regulatable 1-hydroxylase enzyme system and that the apparent Km for the system is in the low-nanomolar range. The characteristics of a chick cell 24-hydroxylase are also presented.
MATERIALS AND METHODS Cell isolation and culture
Cells were isolated from embryonic chick calvaria of 17 days in ova by modification of previously reported methods [3, 22] . Briefly, the calvaria were aseptically dissected and incubated, with shaking, in BGJ medium (Gibco; three calvaria/ml) containing penicillin (100 units/ml), streptomycin (100 jug/ml) and collagenase (Worthington; 2.0 mg/ml) for 20 min. At this time the enzyme-containing medium was decanted from the calvaria, centrifuged at 500 g for 3 min to remove red blood cells and loose connective-tissue cells and returned to the calvarial fragments for a further 100 min of incubation. The cells released during the 20-120 min Vol. 245 (9: 1: 1, by vol.) and pooled with the radioactivity recovered from the dried ethanol extraction of the cell layer. Usually the metabolites from three dishes were pooled for further chromatographic analysis.
The metabolites were sequentially separated on a Sephadex LH-20 column (Pharmacia; 20 g of Sephadex LH-20; column size 75 cm x 1.5 cm) equilibrated with the '9:1:1' solvent and a Zorbax-Sil h.p.l.c. column (du Pont) equilibrated with hexane/propan-2-ol (9:1) as previously described [3] . Production of metabolites was quantified by peak-area analysis in either system.
In 
RESULTS

Metabolism of 25(OH)D3
Of the [3H]25(OH)D3 added to the cultures for any one experiment, 85 + 6% was recovered after extraction of the medium and cell layer. Of the radioactivity introduced into the columns, 99+ 3% was recovered from chromatography. (Fig. lb) , more than 98% of the metabolites migrated as 1,25(OH)2D3 or 24,25(OH)2D3. The major contaminating substance appeared to be unmetabolized 25(OH)D3. These data indicate that it is possible to quantify production of these metabolites after chromatography in either system. Substrate saturation of 1-and 24-hydroxylase activity
As the concentration of substrate [25(OH)D3] was increased from 2 to 50 nM, the velocity of the reactions for both hydroxylase systems approached a maximum. When results were subjected to an Eadie-Hofstee plot (v versus v/[S]) the apparent Km and Vmax for the systems could be calculated (Fig. 2) . It should be pointed out that these kinetic constants are a characterization of the cell systems rather than of the enzymes themselves. This is because we are working with whole cells, because the enzymes are not purified and because we cannot be sure that substrate availability to the enzymes is maximal. Nevertheless, these constants define the ' [24, 25] . As is discussed below, a direct comparison between the apparent concentration of metabolites in serum-free medium and in serum should not be made.
Regulation of hydroxylase activity
Exposure of these cells to exogenously added 1,25(OH)2D3 at a concentration of 10-8 M has previously been shown to stimulate 24,25(OH)2D3 production and inhibit 1,25(OH)2D3 production [3] . This result is again observed after a 20 h exposure at the same concentration (Fig. 3) Figs. 3 and 4 , the 1-and 24-hydroxylase activities appear to be under complex control. Consistent with this is the observation that the apparent half-life for the production of the metabolites is rather short (approx. 5 h). These data were obtained by inhibiting protein synthesis with a titrated non-lethal dose of puromycin and observing the decrease in activity. Protein synthesis was estimated by determining the incorporation of radiolabelled amino acids into trichloroacetic acid-precipitable material, and viability was assessed by microscopic examination. Table 1 indicates that a dose of 1.0 ,g of puromycin/ml for 18 h inhibited protein synthesis by 97% without a visible effect on cell morphology. This concentration of puromycin was used in a time study of 1-and 24-hydroxylase activities. Fig. 5 indicates that, in the presence of puromycin, both hydroxylase activities decrease with a The identity of the metabolites synthesized by bone cells has been confirmed by chromatography in four different systems [3] , chemical reaction with periodate [3] and m.s. analysis [16, 17] .
The fact that 99% of the radioactivity is recovered after chromatography is indicative of the resolving power of the chromatographic systems and of the lack of binding of interfering substances in the separations. Because there is no serum protein present and because there are relatively few (approx. 12 x 106) cells per extraction, the chromatographic profiles demonstrate little background and are relatively complete. It is under these conditions, we believe, that the demonstration of extrarenal synthesis of 1,25(OH)2D3 in chick calvarial cells is possible. Fig. 2 demonstrates that the hydroxylases are active at or below substrate concentrations in the physiological range. Normal serum levels of 25(OH)D3 in chicks and humans are 50-100 nM [24, 25] [26, 27] .
This molecule has also been shown to regulate hydroxylase activity in vitro in both renal [27] and extra-renal [1, 3] (Fig. 4) . In these 'in vitro' experiments it appears as though the 25-hydroxy group is an important determinant of stimulation and inhibition of hydroxylase activity and that hydroxy groups in other positions simply modify the dose response and magnitude of the effect. A result similar to this has been obtained in a perfused kidney system, where it was found that only metabolites containing a 25-hydroxylated carbon atom would stimulate 24-hydroxylase activity and inhibit 1-hydroxylase activity [28] . At this point in the discussion it is important to emphasize that a direct comparison between the concentrations ofthe vitamin D metabolites in serum-free and serum-containing systems cannot be made. This is because the two systems do not have the same compartments in which the metabolites can establish an equilibrium. We have previously shown [29] that the plastic culture dish has a very large binding capacity for vitamin D metabolites. Only small amounts of the metabolites enter the cells and still less remain in solution. Moreover, the distribution between the compartments is different for different metabolites. In the case of serum-or protein-containing medium the soluble compartment becomes a more dominant factor for binding of the metabolites and must certainly affect delivery of the metabolites to the cells. Whether binding to a binding protein enhances or inhibits specific delivery to the cells is still a topic of discussion. Therefore, to state that concentrations of vitamin D metabolites in vitro in serum-free or serum-containing systems compare directly with those in vivo is an over-interpretation of the data. What can be said, though, is that in the present system we have been able to measure cellular effects which compare with effects in other experiments in vitro, namely those utilizing renal cells in culture [27] . The fact that the renal-cell experiments have been shown to have a physiological relevance supports such a relevance for our experiments.
Many of the observations made in Figs. 3 The half-life for the 1-and 24-hydroxylase activity appears to be rather short. We have calculated that the time for decay to half-maximal activity is approx. 5 h for both systems. As frequently is the case in studies such as these, it cannot be stated that the half-life of the enzymes themselves is 5 h. This is because a number of factors enter into the interpretation of the data. For example, it is entirely possible that inhibition of protein synthesis in these cells causes a rapid decay in an obligatory
Vol. 245 component of the enzyme system other than the actual hydroxylase. In this case we would be measuring the decay of the component and not necessarily that of the enzyme. Also, the inhibition of protein synthesis may also inhibit the synthesis of the enzymes which degrade the hydroxylases. In this case, the half-lives could actually be over-estimates of their true values. Summarizing, then, from our data we can only conclude that the half-life for the decay in overall production of 1 ,25(OH)2D3 and 24,25(OH)2D3 is of the order of 5 h. This value, however, agrees well with the 4-5 h reported for kidney mitochondria [30] .
Regulation of any enzyme system can be exerted through changes in the activity of the enzyme (alteration in Km) or changes in the number of enzyme molecules (alteration in Vmax.). We have attempted to perform these experiments at a substrate concentration which is in the physiological range and yet is on the plateau for substrate saturation. However, we recognize that these experiments are performed in an 'in vitro' culture situation, and results so obtained may not actually represent the regulation that normally occurs in vivo. Nevertheless, the fact that these extra-renal cells have this complex mechanism indicates that 1,25(OH)2D3 and 24,25(OH)2D3 production in vivo can, if necessary, undergo a wide latitude of control.
